Non-speci®c lipid-transfer proteins (nsLTPs) are involved in the movement of phospholipids, glycolipids, fatty acids, and steroids between membranes. Several structures of plant nsLTPs have been determined both by X-ray crystallography and nuclear magnetic resonance. However, the detailed structural basis of the non-speci®c binding of hydrophobic ligands by nsLTPs is still poorly understood. In order to gain a better understanding of the structural basis of the non-speci®c binding of hydrophobic ligands by nsLTPs and to investigate the plasticity of the fatty acid binding cavity in nsLTPs, seven high-resolution (between 1.3 A Ê and 1.9 A Ê ) crystal structures have been determined. These depict the nsLTP from maize seedlings in complex with an array of fatty acids.
Introduction
Lipid-transfer proteins (LTPs) facilitate the transfer of lipids between membranes. They have been isolated from a diverse range of organisms, from bacteria and yeast to higher plants and animals.
acid sequence similarity to mammalian LTPs. Plant nsLTPs are small ($9 kDa), disul®de-rich, basic proteins. A number of roles for plant nsLTPs have been proposed. They include the transfer of phospholipids from liposomes or microsomes to mitochondria, 2 the transport of cuticular components required for the biosynthesis of surface wax, [3] [4] [5] and the inhibition of bacterial and fungal pathogens of plants. [6] [7] [8] Furthermore, they bind fatty acids and acyl coenzyme A with high af®nity and have been proposed to function as fatty acid and acyl coenzyme A carrier proteins. [9] [10] [11] Initially the tertiary structure of nsLTP from maize was predicted to be``all b-sheet''. 12 However, an NMR study on wheat nsLTP in solution indicated that it is mainly a-helical. 13 The solution structure of nsLTP from wheat 14 and the crystal structure of nsLTP from maize 15 revealed the ®rst view of an nsLTP, showing a lack of b-strands and nearly two-thirds of the residues as a-helices. Since then, the crystal structure of nsLTP from rice 16 as well as solution structures of nsLTPs from maize, 17 barley, 18 and rice 19 have also been determined. In the absence of a bound ligand, these proteins have a tunnel-like hydrophobic cavity, which is large Table 1 . Schematic drawings of the ligands enough to accommodate a long fatty acyl chain. All these structures share a common protein fold, ®rst discovered in a hydrophobic protein from soybean (HPS). 20, 21 We propose that this kind of protein fold be called the``plant nsLTP fold''.
The crystal structures of maize nsLTP in complex with palmitate 15 and wheat nsLTP with lyso-myristoyl-phosphatidylcholine (LMPC) at 2.1 A Ê resolution have been reported. 22 They showed that the hydrocarbon tail of the ligand is inserted into the protein cavity and the head group is exposed on the protein surface. Unfortunately, the choline head group of LMPC was not resolved in the electron density map due to high B-factors. Solution structures of barley nsLTP complexed with palmitate 23 and with palmitoyl coenzyme A, 18 maize nsLTP complexed with 1-palmitoyl-2-lysophosphatidylcholine, 1 and wheat nsLTP complexed with 1,2-dimyristoylphosphatidylglycerol 24 have also been reported. In these structures, the hydrocarbon tails of the fatty acids are also inserted into the protein cavity. However, the solution structure differs from the crystal structure in that the ligands are inserted from the opposite end of the tunnel-like hydrophobic cavity. This suggests that two orientations are possible for hydrophobic ligands to bind to plant nsLTPs. 23 Furthermore, the recent solution structure of nsLTP(wheat):prostaglandin B 2 complex 25 shows that the ligand was fully embedded in the hydrophobic core of the protein.
In order to improve our understanding of how hydrophobic ligands of different length and shape are accommodated in the binding cavity of nsLTPs it is necessary to perform a more systematic study of protein ligand interactions with a series of fatty acids (see Table 1 ). Here we have determined a number of high-resolution crystal structures of maize nsLTP in complex with an array of hydrophobic ligands, saturated or unsaturated fatty acids, ranging in size from C10 to C18. These structures allow us to determine precisely ligand-protein interactions and to examine how the hydrophobic cavity of maize nsLTP accommodates different hydrophobic ligands for non-speci®c binding. Furthermore, we have compared the crystal structures of maize nsLTP with proteins having similar binding modes, such as human serum albumin (HSA).
Results and Discussion
Overall structure and quality of the models
The structures of the maize nsLTP in complexes with various fatty acids (Table 1) for bond lengths and bond angles, respectively. As in the uncomplexed structure, the ®nal models of maize nsLTP complexes fold into a single compact domain consisting of four a-helices and a long Cterminal loop region, with four disul®de bonds interconnecting the secondary structure elements (Figure 1 ). The tunnel-like hydrophobic cavity is occupied by the hydrophobic tail of the ligand in the complexed models.
The overall r.m.s. differences between complexed and uncomplexed structures are in the range 0.79-0.94 A Ê . The major differences between complexed and uncomplexed structures are localized in the C-terminal loop region. The overall Figure 2(a) shows molecular surfaces colored by B-factors. Only two complexes, C10 caprate and C18 ricinoleate, are shown here. The remaining nsLTP fatty acid complexes showed similar patterns. Among the complexes, one can notice a similar pattern of B-factor distribution. However, the B-factor distribution of uncomplexed nsLPT is slightly different (note the blue region around the cavity, which changes to red on complexation). The B-factors around the cavity of complexed (Figure 2(a) ). Figure 2(b) shows B-factor differences between uncomplexed protein and the complexes for caprate and ricinoleate. The largest difference is observed at residues 78-81, near the C-terminal loop. These regions correspond to regions of the highest r.m.s. deviation in superimposed atomic coordinates. (Figure 2(c) ).
Structural plasticity of the hydrophobic cavity
One of the most prominent features in the crystal structure of maize nsLTP is the presence of a hydrophobic cavity, which runs through the protein ( Figure 3 ). It is tunnel-like, resembling a curved, hollow tube with an opening (termed thè`t op'' opening) at one end near the C terminus of helix H2, another opening (termed the``bottom'' opening) at the opposite end near the C terminus of helix H3, and a small fracture on the side between helix H4 and a part of the C-terminal loop region. The side gap is ®lled with ordered water molecules (see Figure 7 (a) of ref. 15 ). The head groups of the bound ligands are stretched out, contacting the surface residues and water molecules. However, the hydrophobic tails of bound ligands are buried inside the hydrophobic cavity ( Figure 3 ). The van der Waals volume of the hydrophobic cavity shows a dependence on the size of the bound ligand, varying between 547 and 620 A Ê 3 . The van der Waals volume of the hydrophobic cavity in the uncomplexed nsLTP is 399 A Ê 3 , calculated by VOIDOO 26 . This value is slightly different from that calculated by GRASP, 408 A Ê 3 , which we used previously. 16 So we recalculated the volume for all the complexes using the VOIDOO program to make an accurate comparison. The cavity volume increases slightly as the length of the bound fatty acid increases from C10 to C16: caprate, 558 A Ê 3 ; laurate, 547 A Ê 3 ; myristate, 566 A Ê 3 ; plamitate, 582 A Ê 3 ; palmitoleate, 569 A Ê 3 . It also shows some dependence on the shape of C18 saturated and unsaturated fatty acids: stearate, 557 A Ê 3 ; oleate, 564 A Ê 3 ; ricinoleate, 620 A Ê 3 ; linoleneate, 605 A Ê 3 . A similar trend was observed in the probe-accessible cavity volumes that are calculated by measuring the volume occupied by the centers of probe atoms using a radius of 1.4 A Ê as the probe moves through the cavity. 3 . The ligand-dependent variation of the cavity volume implies a structural plasticity of the hydrophobic cavity, that is, the cavity of maize nsLTP can swell or contract to a certain extent to accommodate a variety of bound ligands. This plasticity may be due to the predominance of aliphatic residues lining the cavity. 15 Figure 3(b) shows fatty acid-bindinginduced volume changes. For the complexes, the van der Waals cavity volume is larger than that of the uncomplexed protein, but within the complexes, it remains constant. However, the probeaccessible cavity volume, also calculated by VOI-DOO, indicates more of a dependence on the size of bound ligands; the cavity size increases somewhat with acyl chain length from C12 to C16, with almost no change from C16 to C18. The average cavity volume of the complex of C18 ligands is 136 A Ê 3 , which is almost the same as that of the C16 complexes. This implies that the optimal cavity volume for nsLTP is for ligands between C16 and C18. Among C18 ligands, the volume of the probeaccessible surface of stearate and oleate is similar to C16 palmitate and palmitoleate complexes. However, linoleneate has a bigger probe-accessible Non-speci®c Lipid-transfer Protein surface volume, 146 A Ê 3 . It seems that linoleneate with three cis-double bonds needs a larger space.
Ligand-protein interactions and the structural basis of non-specific binding
Accurate models of bound ligands are a prerequisite for the analysis of ligand-protein interactions. In order to avoid any bias from the previously built models of the complexes, the bound ligand in each complex structure was independently modeled into the electron density. Most of the ligands have been de®ned by continuous electron density of suf®cient length and their models could be built in one conformation. In all cases except for caprate and oleate, the orientations of the bound ligands were clearly discernible due to the bulky electron density for the head groups and their orientations are the same as in the previously reported crystal structure of the maize nsLTP:palmitate complex. 15 Contacts for all ligands are shown in Table 2 .
For the caprate complex, the electron density does not show the bifurcated shape of the carboxy- Table 2 . Torsion angles, B-factors and van der Waals contacts (within 4.5 A Ê ) of bound fatty acids late moiety and X-ray diffraction data alone cannot distinguish the two possible orientations, caprylate tail up or down (Figure 4 Figure 4 (b)) was observed in the solution structures of barley nsLTP in complex with palmitate 23 and palmitoyl coenzyme A. 18 For caprate, which contains all single bonds in its C10 hydrocarbon tail, there are no strong interactions with the residues of the interior wall of the cavity. There is no hydrogen bond between the oxygen atoms of the carboxylate group of caprate and atoms from the residues Tyr81, Arg46, and Asn37. This may explain why caprate binds in both orientations. In this complex, the side-chains of Tyr81 and Asn37 are involved in the hydrogen-bond net- (Table 2) .
Unlike C12 laurate and C14 myristate, which contain hydrogen bonds with the side-chain of Asn37, the carboxylate head groups of the longer C16 fatty acids, palmitate and palmitoleate, are hydrogen bonded with the OH group of Tyr81. In the nsLTP:laurate complex, the hydrocarbon tail of laurate contains all single bonds, the O1 carboxylate atom of laurate is hydrogen bonded with ND2 of Asn37 with a distance of 2.96 A Ê . The other oxygen, the O2 atom of the carboxylate group, is very weakly hydrogen bonded with water molecules 152 and 168 with distances of 3.60 and 3.53 A Ê , respectively. For myristate, which contains all single bonds in the C14 hydrocarbon tail, the binding interaction is similar to that of nsLTP:laurate. The O1 atom of myristic acid is hydrogen bonded with ND2 of Asn37 and water 318. The O2 atom of myristic acid is hydrogen bonded with water molecules 254 and 277 with distances of 2.95 and 2.77 A Ê , respectively. For oleate (C18:1, 9), the F o À F c electron density also suggests two different conformations for binding ( Figure 5(a) ). The hydrocarbon tail of oleate contains all single bonds except the C91C10 double bond. One conformation of the carboxylate group is bound in the usual location, the other conformation is new. Each model gives essentially identical values of R-factor (R free ) when two independent re®nements were carried out.
The interactions of oleate of conformation 1 ( Figure 5(a) ) involve hydrogen bonds with two additional water molecules, because the head group of oleate is more exposed at the protein surface in conformation 1. The O1 atom of the oleate conformation 1 is hydrogen bonded with water 361 and the NH2 group of Arg46 with distances of 2.75 A Ê and 3.01 A Ê , respectively ( Figure 5(b) ). The O2 atom of oleate is hydrogen bonded with water molecules 564 and 665 with a distance of 3.19 A Ê and 3.05 A Ê , respectively. The O2 atom also donates the proton to either oxygen atom of Asn40 or Ala37 (not shown in Figure 5(b) ). The distance between the O2 and oxygen backbone of Asn40 and Ala37 is 2.67 and 3.14 A Ê , respectively.
In conformation 2 of oleate (the usual conformation), the O1 atom of the carboxylate group is hydrogen bonded with the OH of Tyr81 and water 351 with distances of 2.65 A Ê and 3.03 A Ê , respectively. The O2 atom of oleate makes a hydrogen bond with the OH group of Tyr81 with a distance of 2.72 A Ê and the oxygen atom of Arg46 could be hydrogen bonded with O2 atom also ( Figure 5(b) ).
In the linoleneate complex, the O2 atom of linoleneate is hydrogen bonded with the OH of Tyr81 and water 223 with distances of 2.77 and 3.02 A Ê , respectively.
For ricinoleate in nsLTP:ricinoleate, the C18 hydrocarbon chain is the same as oleate except for the addition of one OH group at C12. The O1 atom of the carboxylate group of nsLTP:ricinoleate is hydrogen bonded with the OH of Tyr81 and water molecules 441 and 434 with distances of 2.78, 3.50, and 2.92 A Ê , respectively. The O2 atom of the carboxylate group is hydrogen bonded with water 434 with a distance of 3.27 A Ê . The hydroxyl group of C12 is hydrogen bonded with the oxygen atom of Ala68, and water molecules 444 and 464 with distances of 3.38, 3.09, and 3.19 A Ê , respectively.
Most of the hydrocarbon chains of the bound fatty acids are bent to ®t into the curved tunnellike cavity of nsLTP except C10 caprate, which is the shortest ligand. The torsion angles in Table 2 show that the bending modes of each fatty acid are different due to the different length and shape of these ligands.
In most of the nsLTP complexes, except for caprate and oleate as mentioned above, one of the two possible orientations of the fatty acids is predominantly favored due to the interactions with Tyr81, Arg46, and Asn37. These three residues, all located along the top opening of the cavity, as well as several ordered water molecules, are responsible for interaction with the carboxylate group of most of the bound ligands. Tyr81 and Arg46 are strongly conserved among plant nsLTPs, while Asn37 is replaced by Lys or His in other nsLTPs. 16 The detailed ligand-protein interactions are signi®cantly different from one ligand to another, depending on the length of hydrocarbon tail of each fatty acid. The hydroxyl group at carbon 12 of ricinoleate (18:1) is hydrogen bonded to Ala68, which is strongly conserved among plant nsLTPs. 16 This suggests that one of the physiological ligands for plant nsLTPs may be hydroxyl fatty acids such as cutin monomers. Cutin is formed from 16:0 and 18:1 fatty acids with hydroxyl or epoxide groups. Although the presence of a hydrogen bond in this ricinoleate complex with a distance of 3.69 A Ê is not a strong binding interaction, it may be important in transporting cutin monomers during the formation of the cutin layer. However, other ligands can also be accommodated in the cavity with van der Waals contacts only, therefore, maintaining nsLTP's non-speci®c binding properties of transporting various fatty acids between membranes.
The structural plasticity of the ligand binding cavity and the involvement of van der Waals interactions only between the cavity and the hydrophobic ligands provide a structural basis for explaining the non-speci®city of maize nsLTP. Non-speci®c Lipid-transfer Protein common C a atoms. 16 However, the van der Waals volume of the hydrophobic cavity in rice nsLTP is much smaller than that of maize nsLTP; 16 the difference is $260 A Ê 3 . Until now it has not been possible to obtain crystals of rice nsLTP complexed with hydrophobic ligands. Therefore our comparison of the complexed structures is limited to nsLTP from barley, for which the sequence identity with maize nsLTP is 54 %. The two structures that are compared are the crystal structure of nsLTP(maize):palmitate complex (PDB code: 1mzm) and the NMR structure of nsLTP(barley):palmitate complex (PDB code: 1be2). The solution structures of the nsLTP(barley):palmitate complex were averaged for comparison. When the amino acid sequences of nsLTPs from maize and barley are compared, the maize sequence indicates two insertions (Ala1 and Gln21). The insertion of Gln21 occurs in the loop L1 between the two a-helices H1 and H2. Among 43 residues identical between maize and barley nsLTPs, most of them are located on the protein surface, except the seven (Ile11, Ile15, Ala18, Asn37, Ala50, Val60, and Ile79 in maize) that are buried. The overall structure of nsLTP(barley): palmitate is very similar to that of nsLTP(maize): palmitate. A superposition gives an overall r.m. In the fatty acid complex structures of maize nsLTP, most of the acyl chains are buried inside the hydrophobic cavity, but the carboxylate group is exposed. The¯exibility of the side-chains lining the hydrophobic cavity is the major contributor to the structural plasticity of the cavity. This plasticity allows a wide variety of ligands to bind in the cavity. Two residues, Arg46 and Tyr81, located strategically near one entrance to the hydrophobic cavity, can possibly interact with the polar head of the bound hydrophobic ligands. A comparison of liganded structures of maize nsLTP with the unliganded structure of rice nsLTP illuminates plausible roles of Arg46 and Tyr81. Tyr81 of liganded maize nsLTP protrudes out of the cavity slightly more in the unliganded state, allowing the OH group of Tyr81 to contact the carboxylate group of fatty acids when bound. The uncomplexed structure of rice nsLTP shows that Tyr79 (corresponding to Tyr81 in maize) is collapsed into the cavity, making its cavity considerably smaller than that of maize nsLTP. 16 This probably explains why it is more dif®cult to grow crystals of rice nsLTP in complex with hydrophobic ligands. The side-chain of Arg44 in rice nsLTP swings down toward the hydrophobic cavity and blocks the entrance to the fatty acid binding cavity. However, the corresponding residue (Arg46) of maize nsLTP is stretched out toward the bulk solvent. It may also play an important role in the opening and closing of the entrance to the hydrophobic cavity for fatty acid binding. Since the hydrophobic tunnel in maize and barley nsLTPs is large enough to accommodate only a single acyl chain, the other chain of a phospholipid would have to be exposed to the solvent. In the nsLTP(maize):phosphatidylcholine complex, we propose that Arg46 would contribute to holding the head group of phosphatidylcholine and that Arg46 and Tyr81 may be critical for the phospholipid-transfer at the membrane.
Comparisons with other nsLTPs and functionally related proteins
In the wheat nsLTP:LMPC complex, there are two lipids inserted head to tail from opposite ends of the hydrophobic cavity. 25 Thus, the hydrophobic cavity is divided into site 1 and site 2. There are two distinct differences between the maize and wheat nsLTP cavities that explain why maize nsLTP binds only a single fatty acid. In maize, the side-chain of Ile83 blocks part of what would be called site 1 and Ile15 blocks part of what would be called site 2. It is impossible to insert two aliphatic chains in the cavity for this reason unless accompanied by a large conformational change. So far, we have no evidence of such conformational changes in any of our 1:1-1.5:1 (lipid: protein) structures. Perhaps with a higher lipid:protein ratio, such as that used in the wheat complex (4:1), a conformational change may occur and accommodate the binding of two acyl chains. Further experiments with a higher ratio of fatty acids may clarify this discrepancy.
The crystal structure of human serum albumin (HSA) in complex (PDB code: 1bj5) with ®ve molecules of myristate has been determined. 27 The protein is largely a-helical and has an unusually large number of disul®de bonds. It has three repeating domains, I-III, each of which contains two subdomains (A and B) that share common helical motifs. Each sub-domain of HSA is about the same size as plant nsLTPs. Despite the lack of any signi®cant sequence similarity between HSA and plant nsLTPs, it appears that, at least for some of the myristate binding sites of HSA, the underlying structural principles for their shared function, i.e. non-speci®c binding of hydrophobic ligands such as fatty acids, are intriguingly similar. The ®rst three a-helices from each sub-domain of HSA correspond approximately to the ®rst three a-helices, H1-H3, of plant nsLTPs. The fourth long a-helix at the C terminus of the HSA sub-domain, however, lies on the same side as the N terminus, whereas helix H4 and the winding C-terminal loop in plant nsLTPs are positioned on the opposite side from the N terminus. Notwithstanding this difference, the hydrophobic binding pockets are formed between a-helices in both HSA and plant nsLTPs ( Figure 6 ). The ®ve myristate binding sites in HSA, though not identical with each other, share some features in common. The methylene tail of the fatty acid is accommodated within a deep hydrophobic cavity, while the carboxylate moiety interacts with two or three, basic (Arg or Lys) or polar (Tyr or Ser) residues. The orientations of two myristate moieties (Myr1 and Myr5) are inverted. In addition, no myristate molecule is bound to subdomain IIB, because the hydrophobic tunnel is severely constricted at the center by aromatic sidechains, and the end of the tunnel corresponding to the myristate carboxylate binding site is occluded by a short helix. 27 A similar binding mode of phosphatidylcholine was found in human bactericidal/ permeability-increasing protein (BPI; PDB code: 1bp1), a member of the lipopolysaccharide-binding and lipid-transport protein family. In this BPIphosphatidylcholine complex, both acyl chains of phosphotidylcholine are buried inside the hydrophobic cavity and the head group is exposed to the solvent, interacting with nearby Arg432 and Tyr455. 28 The phosphorus oxygen (O2P) atom of the head group is hydrogen bonded with the NH2 group of Arg432 as well as the OH group of Tyr455 in the complex. A similar nsLTP interaction with an Arg46 outside the binding cavity occurs in the nsLTP:oleate complex reported here.
Biological implications of multiple binding modes of caprate and oleate
The two different conformations of oleate exhibit reasonable hydrophobic interactions as well as hydrogen bonding of the carboxyl head groups, implying that both conformations are bound equally well and have good transfer activity in solution. It also suggests that both oleate conformations have a binding af®nity similar to other fatty acids. Like oleate, the two alternate conformations of caprate have similar binding af®nities to each other. However, fewer hydrophobic interactions and the absence of a hydrogen bond between the carboxyl head group of caprate and the protein suggest that both alternate conformations have a lower af®nity than other fatty acids for maize nsLTP.
The observation of multiple binding modes is rare in most enzyme-ligand complexes. Whereas in the case of enzyme-substrate interactions binding geometry must be precise in order for catalysis to occur, nsLTPs are not constrained by catalytic requirements. Their biological role is to transfer lipids. Apparently multiple binding modes are one 
Materials and Methods

Protein purification and crystallization
The procedures for the puri®cation and crystallization of nsLTP from maize seedlings have been described. 29 The crystallization of maize nsLTP, both uncomplexed and in complex with various ligands, was performed essentially as above, except that each ligand was present in the hanging drop in various molar ratios (1-1.5:1), sodium formate was used as the precipitant, and additives were included for some ligands. The bound ligands are C10 to C18 saturated or unsaturated fatty acids. The optimum crystallization condition had to be ®ne-tuned for each of the complexes (Table 3 (a)) because their solubility properties showed some variation. This suggests that the surface characteristics of the complexes are not exactly identical.
The complex crystals were grown from sodium formate. Despite much effort, the complex crystals could not be grown using the original citrate conditions reported for uncomplexed crystals. 29 The optimum crystallization conditions varied from one ligand to another. The concentration of sodium formate ranged between 3.3 M and 5.0 M for complexes with different ligands. The crystals of complexed nsLTP were isomorphous with the uncomplexed crystal with similar unit cell parameters in the space group P2 1 2 1 2 1 . The crystallization conditions and unit cell parameters are summarized in Table 3 (a).
Data collection
Most sets of X-ray data were collected at 20 C on a FAST TV-area detector (Enraf-Nonius) using the MADNES software 30 with monochromatic CuKa X-rays from a rotating anode generator (Rigaku RU-200). The re¯ection intensities were obtained by a pro®le-®tting procedure 31 and the data were scaled by a Fourier scaling program. 32 The synchrotron data from nsLTP (uncomplexed and oleate complex) were collected at 14 C using a Weissenberg camera for macromolecular crystallography at the BL-6A2 experimental station of the Photon Factory, Tsukuba, Japan. 33 The wavelength of the X-rays used was 1.000 A Ê and a 0. 1.8 /mm for the c-axis rotation. An overlap of 0.5 was allowed between two contiguous image plates. The diffraction patterns recorded on the image plates were digitized by a Fuji BA100 scanner. The raw data were processed using the program WEIS. 34 Table 3 (b) gives a summary of the data collection and data-reduction parameters.
Structure solution, refinement, and analysis Each model of the complexed protein was re®ned independently of the others in order to avoid bias from the previous models. The model of the uncomplexed maize nsLTP (PDB code: 1mzl) was subject to rigid-body re®nement followed by positional re®nement, simulated annealing re®nement, and B-factor re®nement using the program X-PLOR. 35 When the R-factor reached below 25 %, both (2F o À F c ) and (F o À F c ) omit maps were calculated to model the bound fatty acids in the hydrophobic cavity. The graphics programs CHAIN, 36 running on a Silicon Graphics Indigo2 Extreme workstation, and O, 37 running on a Dec Alpha CompaQ, were used. After ®t-ting each ligand model into the electron density, the complexed structure was further re®ned using X-PLOR. For the 1.3 A Ê synchrotron data of the nsLTP:oleate complex, an anisotropic temperature re®nement (Table 4(b)) was carried out using SHELXL-97. 38 All the models have been re®ned against X-ray diffraction data extending to either 1.8-1.9 A Ê or 1.3 A Ê to reasonable R-factors with good stereochemistry. All the models have favorable backbone conformational angles; all non-glycine residues are in favorable regions of the Ramanchandran plot as indicated by PROCHECK. 39 The re®nement statistics are listed in Table 4 . The van der Waals volume of the hydrophobic cavity was calculated using VOIDOO 26 , after removing the bound ligands from the models of complexed structures. Cavity volumes for ten different orientations were averaged. For structure comparisons, solution structures determined by NMR were averaged by the program MOLMOL. 40 
Protein Data Bank accession numbers
Coordinates for the re®ned models and structure factors have been deposited with the Protein Data Bank (accession codes: 1fk0 for nsLTP:caprate, 1fk1 for nsLTP:laurate, 1fk2 for nsLTP:myristate, 1fk3 for nsLTP:palmitoleate, 1fk4 for nsLTP:stearate, 1fk5 for nsLTP:oleate, 1fk6 for nsLTP:linoleneate, and 1fk7 for nsLTP:ricinoleate). 
